Relict woolly mammoth (Mammuthus primigenius) populations survived on several small Beringian islands for thousands of years after mainland populations went extinct. Here we present multiproxy paleoenvironmental records to investigate the timing, causes, and consequences of mammoth disappearance from St. Paul Island, Alaska. Five independent indicators of extinction show that mammoths survived on St. Paul until 5,600 ± 100 y ago. Vegetation composition remained stable during the extinction window, and there is no evidence of human presence on the island before 1787 CE, suggesting that these factors were not extinction drivers. Instead, the extinction coincided with declining freshwater resources and drier climates between 7,850 and 5,600 y ago, as inferred from sedimentary magnetic susceptibility, oxygen isotopes, and diatom and cladoceran assemblages in a sediment core from a freshwater lake on the island, and stable nitrogen isotopes from mammoth remains. Contrary to other extinction models for the St. Paul mammoth population, this evidence indicates that this mammoth population died out because of the synergistic effects of shrinking island area and freshwater scarcity caused by rising sea levels and regional climate change. Degradation of water quality by intensified mammoth activity around the lake likely exacerbated the situation. The St. Paul mammoth demise is now one of the best-dated prehistoric extinctions, highlighting freshwater limitation as an overlooked extinction driver and underscoring the vulnerability of small island populations to environmental change, even in the absence of human influence. mammoth | extinction | Holocene | St. Paul Island | ancient DNA
D
uring the wave of late Quaternary extinctions, nearly twothirds of megafaunal genera disappeared worldwide (1, 2) . Proposed extinction drivers include environmental change, human impacts, or some combination, with the relative contributions of these varying by species and region (2) . Woolly mammoths, an iconic Ice Age species, vanished from mainland Asia and North America between 14,000 and 13,200 y ago, with some mainland populations perhaps persisting until approximately 10,500 y ago (1, 3, 4) ; however, relict populations survived on two newly formed Beringian islands into the middle Holocene (4-7) (Fig. 1A) .
Wrangel Island is relatively large (7,600 km 2 ), and the late survival of mammoths until 4,020 y ago (5) is consistent with a retreat to refugia in northeastern Siberia as temperatures rose (6) . Conversely, the remarkable persistence of mammoths on the much smaller St. Paul Island (110 km 2 ) until the mid-Holocene suggests that isolated megafaunal populations can survive thousands of years after habitat fragmentation. Because there is no evidence of humans on St. Paul Island before the arrival of Russian whalers in 1787 CE (7), the island affords a unique opportunity to study the processes governing the persistence and extinction of small megafaunal populations in the absence of humans.
St. Paul Island is a remnant of the Bering Land Bridge that became isolated between 14,700 and 13,500 y ago due to sea level rise during the last deglaciation. The island rapidly shrank in area until 9,000 y ago, and then slowly shrank until 6,000 y ago (Fig. 1B) . Today, St. Paul is highly isolated (>450 km from Alaska and Aleutians) and is characterized by low relief (maximum elevation 203 m above sea level), a few freshwater lakes, no springs or streams, no permafrost, and moderately productive moss-herbaceous tundra vegetation (8, 9) . Apart from a small Significance St. Paul Island, Alaska, is famous for its late-surviving population of woolly mammoth. The puzzle of mid-Holocene extinction is solved via multiple independent paleoenvironmental proxies that tightly constrain the timing of extinction to 5,600 ± 100 y ago and strongly point to the effects of sea-level rise and drier climates on freshwater scarcity as the primary extinction driver. Likely ecosystem effects of the mega-herbivore extinction include reduced rates of watershed erosion by elimination of crowding around water holes and a vegetation shift toward increased abundances of herbaceous taxa. Freshwater availability may be an underappreciated driver of island extinction. This study reinforces 21st-century concerns about the vulnerability of island populations, including humans, to future warming, freshwater availability, and sea level rise.
population of reindeer (Rangifer tarandus) introduced to the island in 1911 (10) , the largest terrestrial mammal on St. Paul today is the Arctic fox (Alopex lagopus). Previous radiocarbon dates on five mammoth remains from St. Paul indicated a last appearance date (LAD) of 6,480 y ago (11) ; however, LADs rarely represent the last surviving individual, creating uncertainty in the actual extinction timing. Previously proposed hypotheses for the cause of extinction of the St. Paul population include changes in vegetation (8) or increasing snowpack (12) , but to date there is little direct evidence to support any proposed hypothesis.
In this study, we seek to better understand the timing, causes, and consequences of the mid-Holocene extinction of this latesurviving mammoth population. To achieve this goal, we collected in 2013 a series of sediment cores from Lake Hill, a small freshwater lake near the center of St. Paul ( Fig. 1C and SI Appendix, Fig.  S1 ). Lake Hill was cored previously in the 1960s to test hypotheses about whether the coastal Bering Land Bridge was a glacial refugium for Picea and other plant species (9) . From our new sediment cores, we analyzed four independent proxies known to correlate with megafaunal presence (13) (14) (15) (16) : sedimentary ancient DNA (sedaDNA) and three coprophilous fungal spore typesSporormiella, Sordaria, and Podospora ( Fig. 2 and SI Appendix, SI Text) (16) . We also reconstructed past environments using multiple proxies from the cores, including cladocerans, diatoms, pollen, plant macroremains, and stable isotopes, and dated the cores using radiocarbon dates from terrestrial plant macroremains and tephrochronology (SI Appendix, SI Text). In addition, we collected and radiocarbon-dated 14 newly identified St. Paul mammoth remains using ultrafiltered collagen extracts and measured their stable isotopic composition (δ 13 C and δ
15
N values) (SI Appendix, SI Text and Table S1 ).
Results and Discussion
Timing of Extinction. The five independent indicators of extinction timing are in close agreement and together indicate that the St. Paul mammoths went extinct 5,600 ± 100 y ago (Fig. 2) , which is 900 y later than the previous LAD value for St. Paul mammoths (11) and 1,580 y before the final extinction of mammoths on Wrangel Island (4, 7) . The youngest of the newly dated mammoth remains from St. Paul provided a median calibrated radiocarbon date of 5,530 y ago (95% confidence interval, 5,585-5,330 y ago), , and spore accumulation rates for the coprophilous fungi Sporormiella (medium green, bottom of stack), Sordaria (light green, middle), and Podospora (dark green, top) (spores yr-1 cm-2). Magnetic susceptibility, in arbitrary units (AU) of Lake Hill sediments, sea level (m), and St. Paul Island area (km 2 ) are shown for comparison. Note the truncation by plot of highest peak of magnetic susceptibility at 1,500 AU. The yellow band indicates inferred timing of extinction at 5,600 ± 100 y ago. Magnetic susceptibility is a measure of sediment characteristics; its rapid decline indicates a rapid reduction in watershed erosion at the same time as the extinction. 
ECOLOGY
which overlaps the extinction timing inferred from sedaDNA and fungal spores of 5,650 ± 80 y ago (SI Appendix, Fig. S3 ). Mammoth sedaDNA is present in all tested sediment samples between 10,850 ± 150 y ago (the oldest sample tested) and 5,650 ± 80 y ago ( Fig. 2 and SI Appendix, Fig. S5 ), and absent in samples younger than 5,610 ± 80 y ago (Fig. 2 ). Sporormiella and Sordaria terminate at 5,680 ± 80 y ago and 5,650 ± 80 y ago, respectively, the latter exactly coinciding with the last appearance of mammoth sedaDNA. Declining Sporormiella and Sordaria abundances from 9,000-5,650 y ago (Fig. 2 ) might indicate declining mammoth population size, but coprophilous spore abundances may be influenced by sedimentary processes (14) . Sporormiella abundances rise again at 1890 ± 50 CE, presumably reflecting the introduction of caribou (Rangifer tarandus) in 1911 CE (10) . Podospora spores are less abundant than Sporormiella and Sordaria and disappear earlier, 7,020 ± 170 y ago. Overall, the close agreement among these five independent proxies makes 5,600 ± 100 y ago one of the most robust and precise estimates of timing ever recorded for a prehistoric species extinction.
Drivers of Extinction. The disappearance of mammoths from St. Paul Island was accompanied by pronounced lake shallowing and increased water turbidity between 7,850 and 5,600 y ago, indicated by significant shifts from pelagic to littoral cladocerans, decreases in planktonic diatoms, and increases in tychoplanktonic diatoms ( Fig. 3 and SI Appendix, SI Text). A concurrent rise in conductivity is indicated by an increased abundance of diatoms and cladocerans that are tolerant of high electrolyte concentrations, notably the cladoceran Alona circumfibriata (Fig. 3) , which is resilient to fluctuating salinity and can be an indicator of enhanced salinity in lakes (17) (SI Appendix, SI Text).
Bayesian change-point analysis indicates that the most probable change points for A. circumfibriata occurs at 6,430 y ago, with its rapid rise, and a secondary change point occurs at 5,430, when it declines. Lake shallowing and enhanced evaporative loss is also supported by a trend of increasing stable oxygen isotope values (expressed as δ
18
O values) in Lake Hill between 8,500 and 5,300 y ago (Fig. 3) , with δ
O values significantly higher after 5,600 y ago than before (P = 9.4 × 10 −15
, two-sample t test). Stable nitrogen isotope values (expressed as δ 15 N values) from mammoth remains seem to increase between 9,500 and 5,500 y ago (Fig. 3) , consistent with decreasing precipitation and soil moisture (18, 19) . However, the slope of a linear regression fitted to the δ 15 N time series does not significantly differ from 0 at a two-sigma threshold (P = 0.07) because of the single enriched value at 9,500 y ago, and thus the δ 15 N data are suggestive rather than definitive. Finally, an abrupt decrease in magnetic susceptibility at 5,650 ± 80 y ago coincides exactly with the Sordaria and sedaDNA disappearances and indicates a rapid shift in depositional regime to one characterized by Fig. 3 . Paleoenvironmental proxies at Lake Hill, plotted against time. Shown are relative abundances of planktonic (blue bars), tychoplanktonic (maroon bars), and high-conductivity-tolerant diatoms (orange bars); ratio of pelagic and littoral cladocerans (gray curve); relative abundance (%) of cladoceran Alona circumfibriata, which is tolerant of high lake water conductivity (purple bars); δ
O values from aquatic invertebrate chitin (blue curve); δ 15 N values from mammoth collagen (red curve); sediment magnetic susceptibility (in AU); and accumulation rates for herb and shrub pollen types (light green and tan curves, respectively). The estimated timing of extinction (yellow vertical bar) and the magnetic susceptibility curve are included to help establish the stratigraphic correlation between Figs. 2 and 3.
decreased inputs of terrestrial sediments, likely due to reduced rates of watershed erosion after the extinction. Taken together, these proxies strongly indicate lake shallowing, enhanced evaporation, increased turbidity, and increased solute concentrations at Lake Hill during the mid-Holocene extinction window of mammoth on St. Paul Island.
Freshwater availability on oceanic islands is an underappreciated, but important, driver of vertebrate mortality. On Mauritius, a mass mortality event 4,150 y ago coincided with a severe drought that concentrated animals near increasingly toxic and saline lakes (20) . Modern elephants (Loxodonta and Elephas), the closest living equivalents to mammoths, consume 70-200 L/day (21) , and their survival depends on water availability (22) . Elephants prefer clear water and will dig "wells" near sediment-choked water sources to filter and clarify drinking water (23) . St. Paul mammoths may have needed even more water than modern elephants for evaporative cooling during the Holocene interglacial (24) , because many of the morphological and physiological adaptations for M. primigenius were for retaining heat (25, 26) . As island size decreased, freshwater resources on St. Paul became more limited. Surface availability of fresh water is presently-and was probably at the time of extinction-restricted to shallow groundwater perched on a seawater base and several freshwater coastal lagoons and three closed-basin crater lakes (27) . Of these, the freshwater lake at Lake Hill is currently the deepest (1.3 m) (9) and thus was the primary (or only) freshwater source for mammoths during dry periods (20) . Thus, freshwater availability on St. Paul is highly limited, and diminished freshwater availability is a plausible agent of extinction on St. Paul.
Several previously hypothesized extinction drivers for St. Paul can be discarded. Human colonization during the mid-Holocene is unlikely, given the extreme isolation of St. Paul in the Bering Sea and the lack of any archaeological record (7) . Polar bear predation is unlikely, because all St. Paul polar bear remains postdate the mammoth extinction by >1,000 y (11). Volcanic activity (11, 28) is unlikely, given the absence of visible tephra in Lake Hill sediments during the extinction window. Extinction due to increasing winter snowpack (12, 29) is inconsistent with the increase in δ
O values at Lake Hill during the Holocene (Fig. 3) . Extinction due to vegetation shifts (8) is unlikely, given the stable vegetation composition on St. Paul during the Holocene (Fig. 3) , although declining pollen accumulation rates in the early Holocene might indicate declining tundra productivity.
Reduction in island size per se (8) is not a direct driver, because the modern size of the island (110 km 2 ) was reached by 9,000 y ago, more than 3,000 y before extinction. However, decreasing island size may have indirectly caused extinction, by reducing mammoth population sizes and reducing the number and volume of freshwater resources. If so, the St. Paul mammoth extinction may be a natural example of extinction debt (30) , and suggests that the delay between habitat loss and final extinction can last for millennia.
Causes of Freshwater Scarcity. The causes of reduced freshwater availability on St. Paul are less certain, with likely factors including sea level rise, climate change, and resource overuse. Rising sea levels gradually decreased land area and availability of freshwater resources ( Fig. 1) , but a freshwater crisis might have been triggered by mid-Holocene regional climate change and variability. The Lake Hill findings and δ
15
N values from mammoth bones indicate increased aridity between 8,000 and 5,300 y ago on St. Paul (Fig. 3) . Other lake records from mainland Alaska show decreased effective moisture and increased hydrological variability between 6,800 and 5,000 y ago (31) (32) (33) (34) , suggesting that water scarcity of St. Paul might have been caused by regionally enhanced hydrological variability during the mid-Holocene.
Mammoth activity around Lake Hill probably contributed to the degradation of freshwater quality. As ecosystem engineers, elephants strongly modify their local environments, especially at water holes and other areas of heavy use (35) . As plant cover is destroyed, environmental deterioration rapidly radiates outward (12) . The abrupt decrease in magnetic susceptibility, shift from terrigenous to lacustrine sediments (Fig. 3) , disappearance of pelagic cladocerans, near-disappearance of planktonic diatoms, and presence of tychoplanktonic diatoms all coincide with the time of mammoth extinction. Thus, mammoth activity likely denuded the lake margin, accelerated rates of erosion, and contributed to lake infilling and decreased water quality. The increase in magnetic susceptibility before extinction (Fig. 3) is consistent with intensified water use and rates of watershed erosion, perhaps as other water sources were depleted.
Conclusions and Implications. Multiple reinforcing lines of evidence indicate that reduced freshwater availability triggered the extinction of St. Paul mammoths at 5,600 ± 100 y ago. Sea level rise and declining island area set the stage for extinction (8) by reducing island carrying capacity, decreasing population size, and increasing mammoth dependency on diminishing freshwater resources, leaving mammoths vulnerable to environmental fluctuations. Regional climate variability and aridification then may have applied the coup de grâce, possibly exacerbated by resource degradation by the mammoths. Thus, the St. Paul history demonstrates that in the absence of human pressures, small megafaunal populations can persist for thousands of years, while highlighting the susceptibility of island populations to environmental fluctuations, including freshwater availability, particularly during periods of rising sea level. Island biogeographic theory predicts that rates of extinction should be elevated on small islands with limited resources; these findings support that theory while pointing to freshwater scarcity as an underappreciated driver. Our results suggest that as sea levels rise and hydroclimatic variability increases over the coming centuries due to anthropogenic warming (36) , freshwater scarcity may become an increasingly critical limiting resource for island vertebrate populations.
Methods
Specific details of all methods are provided in SI Appendix, SI Text. Island size through time was reconstructed using a GIS bathymetric map of the St. Paul Island area and the sea level rise curve from the Bering Strait (37) . Three overlapping cores were collected at the primary Lake Hill core in 2013 CE (57.17809N, 170.24828W) and used to construct a composite core using clearly identifiable marker layers, such as visible tephras and lithologic transitions, in the overlapping sections (SI Appendix, Fig. S2 ). Samples for all paleoecological and paleoenvironmental proxies were taken at National Lacustrine Core Facility (LacCore) mostly at identical depths, to eliminate problems with proxy correlation. A Bayesian age model for the upper 740 cm of the composite core (SI Appendix, Fig. S3 ) was constructed using OxCal from accelerator mass spectrometry (AMS) radiocarbon ( 14 C) dating of six terrestrial macrobotanical remains and a tephra layer representing the Aniakchak CFE II tephra, with a known age of 3,595 ± 4 cal yr BP (SI Appendix, Table S3 ). Tephra extraction was done following standard methods (38) . Radiocarbon dating and isotopic analyses of mammoth teeth were derived from collagen extracted and purified following the modified Longin method with ultrafiltration (39) . All AMS 14 C results were corrected for isotopic fractionation according to standard conventions (40) . Conventional 14 C ages were calibrated with OxCal 4.2.3 (41) using the IntCal13 curve (42) .
SedaDNA from 38 samples throughout the upper 740 cm of the core was extracted, sequenced, and bioinformatically processed at the Paleogenomics Laboratory, University of California Santa Cruz (SI Appendix, Fig.  S5 and Table S5 ). Sequencing data are available from the National Center for Biotechnology Information's Short Read Archive (BioProject accession no. PRJNA320875). Extraction and processing of spores and pollen followed a modified version of the LacCore protocol (43) . Plant macrofossil samples were taken every 10 cm, but shifted to finer resolution (sampling every 2-5 cm) for the lower portions of the core. All macrofossil samples were disaggregated in a glass Petri dish with distilled water and were manually collected. Samples were not sieved.
Cladocera (44) . Cladocera were processed with an adapted version of a method described previously (45) . The δ
18
O values of chironomid head capsules and other aquatic insect chitin were processed and analyzed following previously published protocols (46, 47) . Bulk sediment samples were collected from the core at 16-cm intervals for isotopic and other geochemical analyses and processed following previously published protocols (48 Tables…………………………………………………………………………………………….29 Table S1 . Radiocarbon dates derived from woolly mammoth fossils found on St. Paul……...29 Table S2 . The paleoecological and paleoenvironmental proxies sampled from Lake Hill……30 Table S3 . Radiocarbon dates and other age controls reported for constraining the age-depth...31 Table S4 . Normalized average major element geochemical data for the 294 cm ….tephra…...32 Table S5 . Sedimentary ancient DNA metadata for Lake Hill core samples…………………..33 Table S6 . Reference genomes used for identifying ancient DNA in the Lake Hill core……...34 Table S7 . List of the plant taxa identified from the composite Lake Hill…pollen analysis...... 35   Table S8 . 
S2. Radiocarbon dating and isotopic analyses of mammoth remains
Three mammoth tusk and 11 tooth remains found by local residents from St. Paul Island were radiocarbon dated and vouchers are preserved in the Earth and Mineral Sciences Museum at PSU (Table S1 ). Collagen for accelerator mass spectrometry (AMS) radiocarbon ( 
S3. Lake Hill composite core

Construction and sampling
Three cores within a 3 m lateral distance were extracted from the central part of Lake Hill The composite record was analyzed for magnetic susceptibility, spectrophotometry and high-resolution digital photography and sampled for a variety of paleoecological and paleoenvironmental proxies at LacCore. These proxies included tephra, sedimentary ancient DNA (sedaDNA), coprophilous spores, pollen, macrobotanical remains, diatoms, cladocerans, and chironomids, which were sampled at differing resolutions (Table S2) .
Age model reconstruction A Bayesian age model for the upper 740 cm of the composite core (Fig. S3 ) was constructed from one tephra layer (Section S4) and AMS 14 C dating of six opportunistically sampled terrestrial macrobotanical remains, consisting of unidentified dicot leaves or moss gametophores (Table S3 ).
Samples were processed for radiocarbon dating at the Human Paleoecology and Isotope
Geochemistry Laboratory at the Pennsylvania State University (PSU) with AMS 14 C dating conducted at the Keck-CCAMS, University of California, Irvine. All AMS 14 C results were corrected as described above. The age model was generated using a Poisson process deposition model (P-Sequence) in OxCal 4.2.3 calibrated with the IntCal13 curve, assuming a k parameter of 0.6, or one event every 1.67 cm, and ages per depth were interpolated to every centimeter. All MCD-derived dates in this study were inferred from this age model.
S4. Tephra analyses
Materials and methods
We identified both visible tephra and non-visible cryptotephra layers from contiguous samples of material between 0-765 cm depth at 2 cm resolution (Table S2) . Shard concentration profiles against depth highlight potential peaks of primary air-fall. Glass was re-extracted from these samples for geochemical analysis which is used to correlate tephra with other samples of known age and provenance. Cryptotephra extraction followed standard methods (7), with the exception of substituting the heavy liquid lithium sodium polytungstate for sodium polytungstate. Given the large concentrations of glass present in the samples, Eucalyptus pollen was added as a spike when constructing the shard concentration-depth profiles.
Extracted glass samples were mounted within acrylic pucks, polished to expose flat shard surfaces, coated with carbon and then analyzed with a JEOL 8900 superprobe with wavelength dispersive spectrometry (WDS) at the University of Alberta. A standard suite of major elements (Si, Al, Ti, Fe, Ca, Mn, Mg, Na, K, Cl) were targeted using a defocused beam of 10 μm diameter, 15 keV accelerating voltage and 6 nA beam current. Two secondary standards of known composition were run concurrently with all tephra samples: ID3506, a Lipari rhyolitic obsidian, and a reference sample of Old Crow tephra, a well-characterized, secondarily-hydrated tephra bed (8) .
To identify potential correlatives, the geochemical data were compared to a database of known eruptions from the published literature. A visible tephra layer at 294cm MCD in the cores correlates with Aniakchak CFE II tephra (Fig. S4 , Tables S3, S4 ). This has a known age of 3,595 ± 4 cal. years BP (9) and the Aniakchak tephra was therefore used as one of the constraints for the age model.
S5. Sedimentary ancient DNA analyses
Overview
Lacustrine deposits have been shown to potentially preserve sedimentary ancient DNA (sedaDNA) (10) . Lacustrine sedaDNA can include that derived from the waste (urine, feces) or discarded tissues (skin, hair, nails) (11, 12) of mammals that lived on or near the lake margin (10, 13) . Here, we used sedaDNA preserved in the Lake Hill sedimentary record to examine when mammoths disappeared from the area surrounding the Lake Hill lake on St. Paul Island.
Briefly, we extracted sedaDNA from 38 samples throughout the upper 740 cm (MCD) of the core at the Paleogenomics laboratory, UC Santa Cruz (UCSC) (Fig. S5 , Table S5 ). We converted DNA extracts into libraries, which were Illumina shotgun sequenced. Sequencing reads were merged, complexity filtered, and aligned to the African elephant and woolly mammoth genomes (Table S6) . We removed aligned reads that may have had an exogenous, non-mammoth origin. Retained reads were characterized as being consistent with aDNA through the inspection of fragment length distributions, fragmentation patterns, and cytosine deamination rates (Fig. S6) . As a negative control to quantify the rate of random read mapping, we also performed these analyses on reads aligned to the two-toed sloth genome. (15)).
Materials and methods
We sampled the composite Lake Hill core at the LacCore facility (University of Minnesota)
in May 2013 and October 2014. Samples for DNA analysis were collected under semi-sterile conditions: the sampling team wore gloves and facemasks and all re-usable equipment was soaked in bleach and rinsed with double distilled water. We also lined work surfaces with aluminum foil to avoid direct contact of materials with the LacCore workstations. In May 2013, we took 209 samples, by sampling every 4 cm throughout the top 836 cm of the core, and a further nine samples between 916 and 1302 cm. For each area of the core to be sampled (depth of 2 cm), we used a sterilized microscope slide to remove the top 2 mm of the exposed core drive surface. We then used a sterile, disposable 10-cm 3 syringe, with the tip removed, to core out 2 cm 3 of sediment (as measured by the gradations on the side of the syringe). We took care not to touch the side of the core with the syringe. Rotating the syringe slightly whilst extending the plunger ensured that the sample was taken cleanly, and the plunger was used to empty the sample into a sterile, prelabeled 50 mL falcon tube. We then sealed tubes with parafilm to reduce potential contamination and sample leakage. In October 2014, we took a further ten samples (PH167 -PH176 in Table S5) from core drives surrounding the mammoth extinction window that overlapped previously sampled depths (Fig. S5c) , using the aforementioned procedure. Andersen phenol-chloroform protocol described in (19) . For all four methods, DNA was eluted in 60 to 100 μL of Tris-EDTA, with 0.05% Tween-20.
Initial PCR testing. Initial testing of DNA extracts using the PCR failed to amplify a product of the correct size. PCR was attempted on samples extracted using methods 1 and 4 using four Initial read filtering. A total of 98 million reads were generated across the entire data set (Table   S5 ). We trimmed adapters, merged paired end reads, and removed reads shorter than 30 base pairs, which may not map correctly, using SeqPrep (https://github.com/jstjohn/SeqPrep; flags: -o 10, -L 30, -q 15). We then removed low-complexity reads, which can align to genomes spuriously, using the DUST (27) algorithm (cutoff: 7) in PRINSEQ-lite v0.20.4 (28) .
Read mapping and further filtering. To identify mammoth DNA from environmental shotgun data, we developed a pipeline to remove reads that could have originated from exogenous sources. We separately aligned merged and low-complexity filtered reads from each data set to the African elephant and Wrangel Island woolly mammoth (29) genomes (Table S6) , using the Burrows Wheeler Aligner (BWA; v0.7.7) (30). We disabled the seed (-l 1024; (31)) and retained reads with a mapping quality of 20 or greater. Duplicated reads were removed with rmdup in SAMtools (v0.1.19) (32) . To remove reads that may have derived from common lab contaminants (human, house mouse) or samples commonly handled in the UCSC Paleogenomics lab (horse, cow), we removed reads that mapped to the African elephant and the woolly mammoth if they also mapped to at least one of these four boreoeutherian genomes (Table S6) , using the same BWA parameters described above. To further remove potential spuriously aligned reads, we compared all remaining aligned reads to the NCBI nucleotide database (release date, 2015/01/17). For this, we used BLASTn, and allowed hits with an e-value of 1×10 -3 or lower. For these comparisons, we used
Genbank identifiers assigned to Proboscidea that were downloaded on 2015/01/26. We removed reads that either exclusively matched non-proboscidean sequences or had a higher match (lower e-value) to a non-proboscidean sequence in cases where there were hits to both Proboscidea and nonProboscidea. Reads that could not be identified were retained.
As a negative control, we repeated this pipeline using a Hoffman's two-toed sloth genome.
We modified the pipeline by using Genbank identifiers assigned to Pilosa for the NCBI nucleotide database comparisons. The two-toed sloth belongs to the Xenarthra, which is both distinct from Afrotheria and Boreoeutheria (Table S6 ; (33)), and a group that should not be present in the Lake Hill core. Although giant ground sloths (Megalonyx jeffersonii) existed in eastern Beringia (Alaska, Yukon), their fossils have only been recovered from deposits considered to be of last interglacial age (~125,000 years ago) (34) and have not been recovered from St. Paul Island (35) .
Characterization of post-filtered reads.
For each sampled depth, we calculated the mean and standard deviation of the proportion of merged and complexity filtered reads that were considered to be mammoth (aligned to African elephant or woolly mammoth) or 'sloth' (aligned to Hoffman's two-toed sloth), by combining available replicates (Table S5 ). There were four types of replicate;
(1) independent DNA extraction of the same sample, (2) independent extraction of a different sample from the same composite depth, (3) independent DNA library preparation of the same extract, and (4) library sequenced twice. As we had removed duplicates from reads considered to be mammoth or 'sloth', we also removed potential PCR duplicates from unaligned (merged and complexity filtered) reads using PRINSEQ with the -derep 124 flag, which best approximates SAMtools' rmdup, for proportion calculation.
To provide support for the ancient origin of the reads considered to be woolly mammoth, we characterized the DNA damage patterns of these reads, including DNA fragment length distributions, fragmentation patterns, and deamination-induced misincorporations at the 5' and 3' ends of reads. For this, we combined reads considered to be mammoth from all data sets and conducted damage analyses of these reads, as mapped to the African elephant genome, in mapDamage v2.0.5 (36). This procedure was repeated for all reads aligned to the woolly mammoth and two-toed sloth genomes.
Alligator amplicon contamination assessment. To ensure that samples had not been contaminated by American alligator amplicons sprayed onto drilling equipment during core sampling, we aligned merged and complexity filtered reads against five references, consisting of the amplicon sequences, using BWA under the parameters listed above. None of the reads from any of the data sets aligned to these references.
Data availability. Raw sequencing reads are available on the NCBI Short Read Archive (SRA)
under BioProject accession PRJNA320875, with SRA accessions SRR3480229-SRR3480293 (Table S5) . We caution that some of these data sets are likely to include sequences from boreoeutherian taxa, including bison and/or horse, as libraries from these taxa were sequenced on the same sequencing runs as those analyzed here. No other proboscidean or xenarthran-derived libraries were sequenced on these runs.
Results and discussion
Support for authenticity of mammoth DNA from the Lake Hill core. We argue that the majority of the sedaDNA data we have assigned to mammoth is authentic, based on two grounds: damage analysis of mammoth reads and a far fewer, but relatively consistent, number of reads assigned to a negative control species.
Analysis of DNA damage patterns can be considered a robust method of assessing if DNA looks 'ancient' (37). Ancient DNA is often characterized by a short mean fragment length (often less than 100 bp), an excess of cytosine to thymine deamination-induced misincorporations at the 5' end of reads, and an excess of purines (adenine, guanine) in the base immediately upstream of the 5' end of the read (38) . For the latter two signatures, a corresponding increase in guanine to adenine misincorporations at the 3' end of reads and an excess of pyramidines (cytosine, thymine)
in the base immediately downstream of the 3' end of the read may be observed, due to damage on the opposite strand. All of these characteristic ancient DNA damage signatures are observed in the Lake Hill sedaDNA data set for reads assigned to mammoth based on alignment to both the African elephant and woolly mammoth genomes (Fig. S6) .
As a negative control to quantify the rate of random read mapping, we repeated our pipeline based on alignment to Hoffman's two-toed sloth. This species falls outside of the diversity of Boreoeutheria, which includes common contaminant taxa and species regularly processed in the clean lab at UC Santa Cruz, and is highly diverged from Proboscidea (Table S6 ; (33)). Although nearly all samples contained reads that aligned to the two-toed sloth and passed all filters, these numbers are far lower than those passing for woolly mammoth in samples from below, or older than, the mammoth extinction window (502-503 cm, MCD; Fig. S5a , Table S5 ). In samples from above the mammoth extinction window, however, the proportion of reads assigned to the two-toed sloth and woolly mammoth are broadly similar. Further, these proportions from above the mammoth extinction window are similar to those observed from two negative DNA extraction controls. Reads assigned to the two-toed sloth do not display the damage patterns expected from authentic ancient DNA (Fig. S6g-i) .
Although it is reasonable to consider 'mammoth' reads to be of mammoth origin, based on sample age and provenance, it seems counterintuitive that more reads would align to the African elephant rather than the woolly mammoth genome (14142 and 11785 reads, respectively; Fig.   S5b ). We suggest that this is an artifact of genome completeness, which is supported by the proportion of uncalled sites (Ns) in these genomes: the African elephant has a lower proportion of uncalled sites (2.45%) compared to the woolly mammoth (9.84%).
Timing the loss of mammoth sedaDNA from the Lake Hill record. Prior to the mammoth extinction window, mammoth DNA is found in far higher proportions than in both the extraction and alignment negative controls (Figs. 2, S5a, Table S5 ), which suggests that mammoths existed in the vicinity of the Lake Hill lake during this sampled interval, ~10,900 (718 -720 cm, MCD) to 5,600
(502 cm, MCD) cal. years BP. Immediately after the mammoth extinction window, however, the proportion of DNA assigned to mammoth becomes broadly similar to the negative controls. We therefore infer that mammoth were absent from the Lake Hill region after 5,600 cal. years BP. The transition between the presence and absence of mammoth DNA coincides with the loss of coprophilous fungal spores (Sporormiella, Podospora, Sordaria; Fig. 2 ), which are an independent proxy for mammoth presence, from the Lake Hill core record.
S6. Coprophilous spores and pollen
Materials and methods
The abundance of coprophilous spores was employed as a proxy for mammoths and pollen abundance in the composite core yielded relative accumulation rates of herbs and shrubs. Initial sampling resolution for spore and pollen samples was at 16 cm intervals throughout the core but with higher resolution sampling for selected intervals: 4 cm resolution at 0-33 cm (MCD) to detect the timing of reindeer introduction on St. Paul Island, 8 cm resolution at 400-480 cm and 520-650 cm to better understand vegetation change before and after the woolly mammoth extinction, and at 4 cm and 2 cm resolution at 480-493 cm and 493-520 cm, respectively, to detect the timing of woolly mammoth extinction. In total, 81 1-cm 3 sediment samples were taken for pollen and spore analysis, as measured by a volumetric metal syringe.
Extraction and processing of spores and pollen followed a modified version of the University of Minnesota Limnological Research Center protocol (39) . These modifications included the addition of 1 mL of polystyrene microspherule solution (5.0×10 4 sph/mL ± 8%) to calculate pollen concentrations and accumulation rates. Samples were sequentially incubated in (1) 10% HCl in boiling water for five minutes to remove carbonates, (2) 10% potassium hydroxide for 10 minutes to break up sediment and to remove humic acids, (3) 48% hydrofluoric acid for 20 minutes in boiling water to remove silicates, and (4) Erdtmann's acetolysis solution (concentrated sulfuric acid and acetic anhydride at a 1:9 ratio) for two minutes in boiling water to remove organic materials (cellulose), clean the surface of the spore and pollen grains, and etch the grains to ease identification. All samples were transferred to dram shell vials filled with silicone and slides were prepared by placing one drop of sample onto the slide and adding a cover slip, which was then sealed with fingernail polish. Each pollen sample was scanned at 400 × magnification (or 1000 × magnification with oil immersion, if necessary) and counted and identified at least 300 pollen grains. Pollen and spore abundances were expressed as accumulation rates (grains yr -1 cm -2 ).
Results
We conducted pollen analysis to infer late-glacial vegetation changes on St. Paul Island and coprophilous spore analyses to infer the timing of mammoth population declines and extinction.
Prior palynological research (40) indicates that the main pollen taxa on St Paul Island during the Holocene are Artemisia-type, Poaceae, Cyperaceae, Apiaceae, Salix-type and Empetrum. The changes in abundances of shrub and herb/grass pollen types indicate vegetation shifts between shrub-tundra and herb/grass-tundra on the island. The pollen taxa identified from the Lake Hill composite core are listed in Table S7 . Three types of coprophilous fungi spores -Sporormiella-type, Podospora-type, and Sordaria-type -were used to detect woolly mammoth population declines. In addition to the occurrences of these spores outlined in the main text, isolated single spores of Sporormiella and Sordaria occurred at 4,880 ± 85 and 920 ± 120 cal. years BP, but are regarded as unreliable indicators of mammoth presence. They could have resulted from the reworking of older sediments, from spores on fox or shrew dung, or by long-distance wind transport from mainland sources.
S7. Macrobotanical remains
Materials and methods
Plant macrofossils were sampled to infer late-glacial floristic patterns on St. Paul Island, augmenting the results from the pollen analyses described above, and to provide organic material for AMS 14 C dating. The composite core was sampled every 10 cm, but shifted to finer resolution (sampling every 2-5 cm) for the lower portions of the core (Table S2) . We removed 2 cm 3 samples from the composite core, which were placed directly in small Nalgene vials with snap-tight lids.
Additionally, if any visible macrobotanical specimens were identified during core sectioning and sampling for other proxies, these were recorded, isolated, and placed in sterile glass vials filled with distilled water for AMS 14 C dating (as described previously).
Each sediment sample was placed into a glass petri dish and enough distilled water was added to gently disaggregate and separate sample constituents. Sieving was avoided due to small sample volumes and potential contamination for AMS 14 In general, plant macrofossil remains were few and sparsely distributed throughout the composite core. Individual item counts per sample, rather than quadrat counts or abundance estimates (55, 56) , were therefore used.
Results
A total of 140 samples were analyzed, resulting in 14 taxonomic assignments. Among these are mosses (Bryopsida, four to five taxa), two graminoids (Carex, Juncus), one mustard (Draba), five provisionally identified forbs, and two shrubs (Salix and Empetrum) (Table S8 ).
Willow (Salix sp.) and moss remains were fairly regularly present among the core samples, however the former was not observed below 780 cm. Moss gametophore fragments comprised the most abundant and common plant remains overall. The majority of this material was highly fragmented. When considered according to Janssens's (57) classification scheme (hierarchic preservation classes for fossil bryophyte fragments on a scale of 0-10), most specimens conform to classes 1 through 6 (leafless stems, branching infrequently preserved, leaves primarily loose and in fragmentary condition).
S8. Diatoms and Cladocerans
Materials and methods
Preparation of diatom samples followed a modified protocol (58) with each sample between 0.1 and 0.2 g of non-calcareous wet sediment treated with 5 mL of 30% hydrogen peroxide, which was left to digest for one week before being rinsed several times with distilled water. Dilutions of the resulting slurries were pipetted onto cover slips and left to dry at room temperature before being permanently mounted onto glass slides using Meltmount™, a thermal plastic with a refractive index similar to Naphrax (1.704). A minimum of 400 diatom valves were enumerated from each sample using a Leica DM microscope (Laboratoire de paléoécologie aquatique, Université Laval)
at 1000 × magnification under oil immersion. Keys consisting mainly of northern North American floras (59-61) assisted in identification to the lowest possible taxonomic level.
Cladocera were processed using an adapted version of a previously described method (62) . Cladocerans. Cladocerans from the Lake Hill composite core are also consistent with a reduction in lake depth and deterioration in water quality to more turbid with higher ion concentrations. Prior to 6,670 cal. years BP, the lake was dominated by the pelagic species Bosmina longirostris and 
S9. Isotopic analyses
Materials and methods
The oxygen isotope compositions (expressed as δ 18 We analyzed the isotopic data using a combination of two-sample t-tests and linear regression. Two-sample t-tests were employed to test whether mean values before the extinction (i.e. for the population of data points from 11,200 to 5,600 cal. years BP) were significantly higher than mean values after the extinction (i.e. for the population of data points from 5,600 to -63 cal years BP). Linear regression analyses were employed to test whether apparent slopes in time series were significantly different from zero, and were fitted to the entire time series (from 11, 200 to -63 cal years BP). All statistical analyses were carried out in R, using standard functions. (Fig. S9.) .
A two-sample t-test of the δ 18 O indicates that δ 18 O values after the extinction are significantly
higher than values during the extinction (p= 9.378x10 -15 ), consistent with an increasing evaporation to precipitation ratio. A t-test cannot be applied to the  15 N data for the simple reason of no fossil remains exist after the extinction. We instead analyzed the  15 N data using simple linear regression and found suggestive but inconclusive evidence for progressive enrichment of the nitrogen isotopes prior to extinction (p=0.0697 for the null hypothesis that the slope is indistinguishable from zero, so we cannot confidently reject the null hypothesis). To avoid cherrypicking data, we did not exclude the initial high value at the start of the  15 N time series. Hence, our finding of no significant trend in the  15 N time series is conservative, and does not rule out the possibility of a significant trend beginning after 9,000 cal. year BP. Table S3 . All radiocarbon dates at the bottom of the plot, including the latest mammoth dates (5,600-5,300 cal. years BP), are based on ultrafiltered bone collagen from mammoth fossils in Table S1 .
553-497cmcd
Alona sp., lake-level drawdown and higher conductivity t y c h o p l a n k t o n i c benthic Fig. S8 . Cladoceran biostratigraphy summarizing the relative abundances (%) for the Lake Hill core, with pelagic taxa in blue and littoral/benthic taxa in green. Alona circumfibriata is color coded as in Fig. 3 . 
29
Supplementary Tables   Table S1 . Radiocarbon dates derived from woolly mammoth fossils found on St. Paul Island. All results have been corrected for isotopic fractionation according to the conventions of (4). PSU; Pennsylvania State University, UCI; University of California Irvine, MCD; mean composite depth, BP; before present (1950 CE). *Range defined by 2σ. PH-EC31 and PH-EC32 were negative extraction controls and were not included in calculating the total number of reads passing all filters and unique hits to Proboscidea or Pilosa. Unique hits were based on BLAST analyses. Extraction method and replicate type numbers follow those listed in text S5. Pre-alignment filtered reads are merged, complexity filtered, more than 30 base pairs, and have had duplicates removed. N; frequency, SD; standard deviation, Ext; extraction, MCD; mean composite depth, P-AF; pre-alignment filtered. Table S7 . List of the plant taxa identified from the composite Lake Hill sedimentary record via pollen analysis. 
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